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ABSTRACT
This thesis presents the results of an experimental study on two-dimensional, planar
propagating edge flames. The results were generated using a new apparatus in which a thin
stream of gaseous fuel is injected into a low-speed laminar wind tunnel thereby forming a
flammable layer along the centerline. The fuel injector consists of aluminum airfoil with a thin
slot in its trailing edge, from which fuel is injected. After the initial stratified fuel/air layer is
developed, a flame is ignited near the tunnel outlet, and the flame spreads against the incoming
air, toward the fuel source. Experiments were conducted with methane and ethane, with the
apparatus mounted vertically such that air and fuel flow is upward while the flame spread is
downward. Experiments were conducted with air velocity of 25 to 60 cm/s and fuel flows of 967
to 3036 ccm, resulting in centerline equivalence ratios between 0.5 and 2.0. Experiments results
showed that the measured flame speed exceeds the laminar flame spread rate and is a function of
the gradient of the equivalence ratio perpendicular to the direction of the flame spread. Prior to
conducting the combustion experiments, the apparatus was characterized using a steady-state
numerical model of the non-reacting flow developed using the COSMOSFloWorks commercial
computational fluid dynamics code. The model provided insights into the behavior of the fuel
distribution in the gallery prior to ignition. The COSMOSFloWorks model agreed well with
detailed measurements of velocity profiles in the gallery, which were conducted to ensure that
the flow field was laminar prior to ignition.
The practical extension of this work would be in fire safety in normal and microgravity.
Non-uniform mixtures can form in normal gravity at crash sites, along ceiling in mining
operations, and fuel spills. Non-uniform mixtures can also form in microgravity and knowing
the conditions and possible flame spread phenomenon would be beneficial when designing
spacecraft components or terrestrial environments.
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Chapter 1 Introduction
Motivation
The majority of combustion research focuses on uniform, premixed systems or
completely non-premixed systems. Flame propagation in a uniform, premixed system
propagates at a constant rate, which is referred to as the laminar burning speed of the fuel
mixture. For most hydrocarbon/air mixtures, the laminar burning speed is about 40 cm/s. Some
examples of premixed combustion systems are Bunsen burners and internal combustion engines.
In completely non-premixed systems, the flame occurs where the fuel and oxidizer meet at in the
reaction zone. A candle flame is an example of a non-premixed system.
Practical systems, however, do not always behave as uniform, premixed systems or
completely non-premixed systems. A non-uniform or layered system is such an example. A
layered system occurs when a fuel gradient develops in the mix. The interesting phenomenon
about a flammable layer is that a flame will propagate up to five times faster than its laminar
burning rate (Miller 2005). Figure 1 shows an example of a layer on the floor. Here, the fuel is
denser than the surrounding fluid and creates a flammable layer along the floor, and the fuel
gradient becomes denser close to the floor. Likewise, one can imagine that the fuel is less dense
than air and collects along the ceiling.
F+O
Flame
Figure 1 Flame propagating through a fuel layer along the floor.
These non-uniform mixtures are common occurrences in real-life combustion systems.
Floor layer mixtures occur in car and airplane crashes, chemical spills, and underground mining
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operations. Ceiling layers can occur in coalmines where methane gas can collect along the
ceiling of the mine. One can also imagine a layer forming in a ventilation flow of an orbiting
spacecraft (Hovermann 2003).
Understanding the science of flame propagation in layered mixtures has practical
application in the design of different types of vehicles, storage facilities, and spacecraft in terms
of fire safety. The flame structure and fuel gradient are important parameters in these flames.
Studying these parameters will assist in the fundamental understanding of these types of flames.
Literature Review
Edge flames have been studied for the last few decades in various ways. Past studies
(Kaptein and Hermance, Feng and coworkers, Ishida, and Miller and coworkers) focused on
flame propagation over solid surfaces. Miller and coworkers researched flame propagation over
liquid fuels. This work is a continuation of Miller's work where flame propagation in a free,
stratified layer is studied. The following literature review will discuss the beginnings of the
types of flames that were experimentally observed for this work.
A good place to start is Buckmaster's review of edge flames (Buckmaster 2002). In this
paper Buckmaster describes a ID model of a diffusion flame and how it can be extended to an
edge flame. Buckmaster defines edge flames as partially premixed flames that cannot be
characterized as either non-premixed or premixed. Some of examples of these types of flames
can be seen in flame spread over a fuel bed, candle flame in microgravity, an axisymmetric flame
in microgravity. Buckmaster discusses how edge flames are present at the edge of deflagrations,
which is similar to this work since the flame is igniting into a flammable mixture. Other
discussions by Buckmaster indicate that the flames seen the Layers experiments will be edge
flames.
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The work by Ko and Chung (Ko 1999) is very similar to the present study. In this work,
experimental study of propagating tribrachial flames in laminar non-premixed jets were
completed. A small nozzle (2.08 mm inner diameter, 600 mm length) ejects methane gas for
Reynolds numbers between 175 and 875 vertically into a "square cylinder" and a flame is ignited
with an Nd:YAG laser 100 mm or 200 mm downstream. High-speed schlieren and shadowgraph
systems capture video of the tests and jet velocities are measured with Doppler velocimetry.
Experimental results show that a triple flame ignites in the methane jet. Flame speed
measurements remain constant for a specified flow rate and decrease with jet velocity increases.
Flame speeds range between 0.68 m/s and 0.87 m/s, which are much higher than the laminar
burning velocity of methane. The results also show that the flame speed decreases with
increasing fuel mass fraction gradient for 0.006 and 0.04 (dYf/dR). Further analysis of the flame
stretch revealed that the propagation speed of the tribrachial flame decreased with increased
flame stretch.
Im and Chen studied characteristics of triple flames in hydrogen-air mixing layer with
direct numerical simulation with detailed chemistry. Triple flames are ignited numerically by
imposing an ignition source in a scalar mixing layer. After ignition, two triple flames develop.
Two different fuel streams are studied: pure hydrogen and hydrogen diluted with nitrogen. The
results show that the triple point (defined as the location of maximum heat release) is always in
the location of the stoichiometric mixture fraction line.
Numerical modeling work by Frouzakis, Toboulides, Lee, and Boulouchos (2002) shows
that a triple flame is really just one type of edge flame. The calculations are 2D direct numerical
simulation with detailed chemistry and transport. The authors modeled different flow conditions
and found that the flame would re-orient itself and consume the supplied fuel. The flame would
take on different configurations ranging between triple flame structures and approximating a
premixed flame. It was also noted that the flame curvature affected the flame propagation speed.
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Marchese and coworker's research has focused on experiments and computer modeling
of flame propagation over pools of propanol (Marchese et al 2005). Two dimensional edge
flames are studied with a time dependent, chemically reacting model. The flame propagates
through a fuel gradient perpendicular to the direction that the flame travels. This model solves
the Navier-Stokes equations using the SIMPLEC method and uses an adaptive mesh to save
computational time. The model is capable of modeling normal gravity and microgravity.
In addition to the model, the results of the model are compared to experiments. The
experiments are conducted inside of a rectangular gallery with a porous bronze frit along its floor
from which propanol evaporates. Figure 2 shows a picture of the apparatus. This is the same
duct that is used for this work, the difference is that the duct is mounted vertically and a new
airfoil is used. At the start of the experiment, the propanol fuel is allowed to diffuse into the
gallery for a certain time, which the paper designates as the diffusion time. Depending on the
length of the diffusion time, a stratified layer of fuel is developed inside the gallery. A flame is
ignited at one end of the gallery and cameras capture the flame spreading over the floor. Both
the experiments and model results show that buoyancy affects the flame propagation speed.
Further modeling and experimentation show that flame speed increase in microgravity
conditions. The major finding of the paper was that "in normal gravity, a buoyancy-induced
tangential velocity component is present along flame front, which decreased the strength of the
flame." (Marchese et al 2005)
Figure 2 Experimental apparatus witn a porous oronze airnon.
Kulis et al. show that a diode laser absorption spectrometer can be used to measure
methanol concentrations in the floor gallery mentioned above (Kulis 2005). The advantages of
this system are that it is compact, reliable, and uses relatively little power when compared to
other types of laser diagnostics. The system is designed to measure the spatial and temporal
absorbance of a particular gas. For this case, the gas is methanol vapor. The laser uses
wavelength modulation to reduce the noise from the diode laser. As the laser passes through a
sample space, the absorbing species converts the wavelength modulation to amplitude
modulation. The intensity measured after the laser passes through the sample could then be used
to calculate the species concentration in the sample space.
At the beginning of this work, Kulis's laser system was to be used to measure the
methane concentrations inside the free layers duct. It was successfully used in the floor gallery,
and used for some free layers experiments with methane gas. Those results are archived in Kulis
et al 2005.
Free Layers History
The Free Layers Duct experiment was developed by Fred Hovermann to study flame
propagation through non-uniform fuel/air mixtures (Hovermann 2003). One of the objectives of
that study was to develop an apparatus that would create a free layer of fuel. The advantage of a
free layer is that effects to the flow field and heat loss to the walls are reduced.
Figure 3 shows the experimental setup of the Free Layers Duct.
Summarized, the experiment consisted of a slow speed wind-tunnel duct, which
contained an airfoil-shaped porous fuel dispenser. The reason for the airfoil shape was that the
flow in the duct needed to be laminar, and the dispenser needed a large surface area for
evaporation of liquid fuel. The airfoil conformed to the symmetrical NACA 0012 profile. The
dimensions for the inside of the duct are 10 cm x 10 cm x 79cm. A Coanda flow inducer at the
outlet induced airflow at the inlet while the porous airfoil dispensed evaporated fuel into the free
stream, which created a flammable layer in the center of the duct. The Coanda flow inducer was
capable of developing air velocities between 10 cm/s and 100 cm/s, while the airfoil was able to
dispense fuel between 0.5 mL/min and 5 mL/min. An igniter wire near the outlet of the duct
ignited the flame and it propagated along the layer until it attached to the airfoil. Digital video
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cameras captured the side and top views of the flame propagating. The NASA-developed
software "Spotlight" was used to track the flame edge from each video clip in order to make
position versus time plots. The slope of the position versus time plots corresponds to the
velocity of the flame and data analysis could then be made (Hovermann 2003).
In addition to the experiment setup, a 2-D computer model was developed using the
FLUENT CFD software. The goal of the model was to predict which fuel flows and airflows
created a flammable layer. However, the model did not take into account chemical reactions and
heat release of the flame. It was used to predict the flow conditions in a non-reacting case
(Hovermann 2003).
The results of Hovermann's modeling were extensively used in the design and analysis of
the Layer's Apparatus. Mole fraction contours generated by the FLUENT post processor were
used to determine the optimum location of igniter. Further processing of the mole fraction
contours yielded equivalence ratio contours, which could be used to determine which sections of
the fuel plume were flammable. A similar approach as Hovermann's was used for this work
when COSMOSFloWorks was utilized.
Organization of Thesis
This thesis presents the results of a model and experimental study of flame propagation in
non-uniform mixtures. Flame ignition in non-uniform mixtures has a chance to create edge
flames. Certain edge flames have been shown to propagate up to five times faster than the
laminar burning rate. Previous work by Miller et al (2000 - 2005) has shown that flame ignition
in a non-uniform mix will create edge flames that travel faster than the laminar burning velocity.
Those experiments were conducted in a floor gallery. In this work, the flames will propagate in
a free layer of fuel, which will minimize the effects of heat loss to the walls. Ideally, the fuel
layer should be centered in the duct with a high concentration of fuel along the centerline and
gradually become less and less perpendicular to the airfoil.
Chapter 2 details the study of a cold-flow model of the free layers duct using the
COSMOSFloWorks software. The model was used to determine the three-dimensional flow
inside the duct at steady state. A "window" of fuel and airflows that yielded laminar conditions
was determined with this software. Data analysis of the laminar conditions helped determined
which fuel and airflows created flammable mixtures. This chapter also details the parametric
design of a slotted airfoil. The slotted airfoil resulted in a better way to create a thin layer of
gaseous fuel spanning the width of the duct. It is an important component of the duct to create a
repeatable layer of fuel. Hot wire anemometry is also explained in this chapter and how it was
used to validate the model.
Chapter 3 describes the experiment and results. Hot wire anemometry was used to
measure the velocities inside the duct. The experiment procedure is described in detail. The
combustion experiments section describes the tests completed with methane and ethane. Video
of each test was recorded and used to measure the flame-spread rate for each test. Combustion
experiments showed that the flame spread measurements for methane had too much scatter while
ethane tests were more repeatable.
Smoke streak tests are also described. Smoke streaks were created from a thin nichrome
wire that was coated with Nokorode paste. A current was run through the wire that melted the
paste and created smoke streaks. The flame would be ignited and the streaks would reveal how
the flame affected the flow ahead of itself. The results showed that the flow ahead of the flame
was disturbed about 16 cm ahead of the leading edge of the flame at a position close to the
airfoil. Further tests showed that the flow was barely disturbed near the igniter.
The last chapter summarizes the major points of this work and offers suggestions for
more research. Major conclusions show that the current configuration of the apparatus creates
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edge flames in a layer of fuel in a repeatable way. A combustion model of the free layers
apparatus is also under development and the 2D flame created with the apparatus offers a good
way to validate that model.
9
Chapter 2 Cold Flow Modeling of the Experimental Apparatus
COSMOSFIoWorks Capabilities
As previously discussed, Hovermann's work utilized the Fluent software in order to
develop a two dimensional CFD model to predict the flow inside the duct. The model helped
predict which air and fuel flows created a flammable layer. For this work, a different CFD
package called COSMOSFloWorks was utilized to examine 3-D effects and to parametrically
design a new airfoil specifically for use with gaseous fuels.
COSMOSFloWorks is a commercial CFD package integrated into the SolidWorks CAD
software. It is capable of analyzing internal and external steady state flow, incompressible liquid
and compressible gas flow, fluid mixing, porous media, gravity, time-dependent analysis, fans,
volume sources, and wall roughness. Advanced capabilities include particle tracking and
animation. Additionally, the user has excellent control over the computational mesh using either
COSMOSFloWorks' automatic mesh builder or making a custom mesh. Some of the solver's
features include the ability to refine the mesh mid-calculation, previewing the results, and
monitoring the convergence of the calculation (Introducing COSMOSFloWorks 1-1). The
limitations of the software are that it is limited to single-phase calculations (either gas or liquid),
and that it uses a large amount of computer resources. For example, a typical computation
described below, required 26 hours of computational time on a 2619 GHz PC with 512 MB
RAM.
The fact that COSMOSFloWorks is integrated into SolidWorks facilitated building the
fluid model. The software's ease of use helped in changing the flow parameters quickly for all
the cases completed for this work. Data was extracted along specific lines and sketches in the
model. Two cold flow models were developed for this work, a porous airfoil case and a slotted
airfoil case. The former model was developed to determine the performance of the existing
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porous airfoil under gaseous fuel conditions; the latter model was developed to analyze a
completely new airfoil that was developed specifically for use with gaseous fuels. Indeed, the
ability to easily make changes in the 3D solid model and rapidly perform the CFD calculations
using the same suite of software tools resulted in relatively quick convergence on a final airfoil
design that produced the desired stratified fuel/air mixture.
The cases described below were instrumental in predicting which air fuel flows would
yield a flammable mix. Moreover, the 3D solid models were also used for rapid prototyping of
the slotted airfoil. The details of these models are described in the following sections.
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Cold Flow Model Geometry for the Porous and Slotted Airfoils
As previously discussed, the COSMOSFloWorks CFD software package was used to
model the free layers duct. The model components were drawn in the SolidWorks CAD
package, and then those components were "assembled" to model the geometry of the actual
experiment. Figure 4 shows different views of the SolidWorks assembly. The 3-D solid model
consists of the following:
* Two Side Walls (7.25 x 31.5 x 0.5 inches)
* Two Top and Bottom Walls (4.26 x 31.5 * 0.38 inches)
* An airfoil model (NACA 0012 Profile for a 3 inch chord)
* Inlet Flange (8 x 7 x 1.04 inches with a 4.01 x 4.4 inch centered hole)
* Two lids at the inlet and outlet (4.01 x 4.4 x 0.1 inches)
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Isometric View
Front View
0
0
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Figure 4 SolidWorks model of the free layers duct with a porous airfoil. The dimensions in the top left
picture are in centimeters.
In terms of the CFD modeling, one of the key components of the model is the airfoil.
The airfoil conforms to the NACA 0012 profile data for a three-inch chord. It is symmetric
along its center plane and is modeled as close as possible to the actual airfoil. The center section
of the airfoil assembly is porous bronze and the two side attachments are made from aluminum
as shown in Figure 5.
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Aluminum Attachments
NACA 0012 Profile
Figure 5 SolidWorks model of the porous airfoil
Figure 5 shows the fuel inlets and the cavity inside the porous bronze section. Previous
research studies performed using this apparatus focused on liquid ethanol (Hovermann 2003). In
the previous experiments, liquid fuel was supplied to the inner cavity from a gravity fed liquid
feed system, filling the cavity inside the airfoil with liquid fuel. The liquid fuel would then wick
to the airfoil surface and evaporate at the surface creating a layered fuel mixture. The porous
airfoil contained cartridge heaters, which were used to control the airfoil surface temperature,
thereby controlling the evaporation rate of the liquid fuel.
Prior to the work presented in the present thesis, tests were also done with gaseous fuels
using the porous airfoil configuration shown in Fig. 4. It was believed that the porosity of the
airfoil would provide sufficient resistance to the flow of a gaseous fuel to result in an acceptable
distribution of gaseous fuel to the surface of the porous airfoil. Tests were conducted using
methane and ethane on the apparatus and the results showed that gaseous fuels had a much better
success rate in terms of ignitability than that which was observed by Hovermann (2003) with
liquid fuels. However, the propagating flames that were produced with gaseous fuels emanating
from the porous airfoil were highly erratic and did not show any level of repeatability or two-
dimensionality.
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Accordingly, the CFD model was first used to attempt to analyze the performance of the
porous airfoil with gaseous fuels. The goal in the first phase of modeling was to determine if the
porous airfoil technique was effective for use with gaseous fuels and, if so, to determine a set of
flow conditions would result in a thin, two-dimensional, stratified fuel/air mixture suitable for
the production of a two-dimensional propagating edge flame. As described below, the results of
the porous airfoil modeling study showed that the porous airfoil is most likely not the optimum
solution for use with gaseous fuels. Based on the qualitative results of the CFD modeling, a
completely new approach was conceptualized, which was generated into a solid model using
SolidWorks and subsequently analyzed using COSMOSFloWorks. The new airfoil concept
entailed injecting the gaseous fuel directly into the air stream at the trailing edge of the airfoil via
a thin slot.
CC
CD •--CNI ('>
0a- :
Figure 6 Straight slot and tapered slot airfoils
Figure 6 shows two new airfoils designed based on this concept. Unlike the porous
airfoils, these airfoils were specifically designed for use with gaseous fuels. Hovermann's work
showed that the flame structure was inconsistent when the porous airfoil was used. Further
testing with methane gas flowing through the porous airfoil also showed variation in the flame
structure and spread rate (Millet et al March 2005). The idea of the slotted airfoils was
developed, in part because the porous section of the airfoil was difficult to correctly model and
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COSMOSFloWorks cases allowed for the rapid prototyping of the slotted airfoils. The details of
the porous and slotted airfoil models are described in detail in the next sections.
The geometry of the Free Layers duct described above was kept constant for all of the
CFD modeling described herein. Therefore, the only parameters that were available for
interpretation were the boundary conditions and the choice of various sub-models provided by
the software. COSMOSFloWorks has a wizard to help setup the initial model. The wizard
helps define the units, the fluid type, physical features, type of flow, wall roughness, fluid
substances, wall conditions, initial conditions, and mesh settings. After finishing the wizard, the
user can modify the model to study the points of interest.
The following features are available for user definition in COSMOSFloWorks:
* Units - This feature allows the user to define custom units such as SI units, English units,
or a mix from both.
* Fluid Type - The user can choose either gas or liquid. COSMOSFloWorks does not have
the capability to mix different phases of fluids.
* Physical Features - The user can choose to model heat transfer, a laminar or turbulent
flow, time dependency, and gravitational effects. Depending on the experiment,
choosing some of these options will greatly extend the computational time need for the
model. The Free Layers Duct model only needs the laminar flow option and gravitational
effects.
* Type of Flow - The user can choose either internal or external flow. An example of an
internal flow model would be a pipe. External flow would be an airplane flying through
the atmosphere. The Free Layers Duct model is defined as internal.
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* Wall roughness - This option is useful if wall roughness is important. The user defines
the roughness in micrometers instead of making a very fine mesh at the walls. This saves
computational time.
* Fluid substances - Here, the user defines the fluids to be modeled. A separate
engineering database defines the physical properties of the materials used in the model.
COSMOSFloWorks already has a wide selection of fluids such as air, water, methane,
etc. The COSMOSFloWorks defined fluid properties for air, methane, and ethane were
used for the Free Layers Duct model
* Wall Conditions - The user can define the heat transfer at the wall. The Free Layers
Duct was modeled with adiabatic walls.
* Initial conditions - If the problem is at steady state, then the user tries to set the initial
conditions close to the steady-state conditions so that the calculation converges faster.
For time-dependent problems, the initial conditions are set here. The Free Layers Duct
was modeled as a steady state system.
* Mesh conditions - The user can set the mesh resolution here. This is the starting point
for generating the mesh. The user could then preview the mesh and determine the
resolution for the problem. The mesh for the Free Layers Duct is described in detail in
later sections.
When defining the model, the first task is to define the computational domain. This step is
important because it can lead to long computation times if unnecessary components are defined
inside the domain. Carefully selecting the domain will ensure that computer resources will be
efficiently used. An excellent way to save computational time is to use symmetry planes. Figure
7 shows the computational domain for a porous airfoil case that utilizes a symmetry plane. The
computational domain is outlined in black, and it only extends a small distance into the walls. A
17
symmetry plane is defined at the center of the duct. This resulted in less computational time and
the ability to create a better resolution inside the domain.
Figure 7 Front view of the model and computation domain outline in black.
.Methane Inlet
Pressure Opening!
r Inlet
Pressure Opening,
Figure 8 Boundary conditions for methane flow model and free flow model.
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Once the domain was of adequate size, the boundary conditions could be set. Figure 8
shows the boundary conditions for two porous airfoil models: a case where methane is flowing
into the airfoil and a case where air flows through the duct without methane flowing through the
airfoil. Here the top, bottom, and sidewalls of the duct were hidden so that the boundary
conditions could be seen. The air inlet boundary condition defines the incoming air velocity as a
uniform flow perpendicular to the face. Air velocity was defined as a uniform flow because the
experiment approximates uniform velocity at the inlet, and the duct inlet velocity was
characterized via hot wire anemometry. The methane inlet defines the volumetric flow rate of
the methane, which is easily measured in the experiment. This flow rate is defined as half of the
total flow rate since the model has a symmetry plane at the center of the airfoil. The pressure
opening is defined at atmospheric pressure.
As mentioned earlier, the experiment apparatus was originally equipped with a porous,
bronze airfoil to distribute the fuel as shown previously in Figure 2. COSMOSFloWorks has the
ability to model this porosity provided that several porosity parameters are available. There are
four porosity models from which to choose, and each requires slightly different input parameters.
First, the equations COSMOSFloWorks uses to solve the flow field will be presented.
The COSMOSFloWorks 2004 Fundamentals manual describes the conservation equations the
software uses to calculate fluid flow. The mass, momentum, and energy conservation equations
in Cartesian coordinates can be written as (COSMOSFloWorks, 2004):
ap a
-+ (puk ) = 0 Equation 1
8t xk
8pu, 8 dP
-+ -(puuk ik)+-= S, Equation 28t 8xk  /x
t + -((pE + P)uk + qk - ku) = Skuk + H Equation 3
Whet re:
Where:
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Uk is the fluid velocity in the kth direction,
p is the fluid density,
Si is a mass-distributed external force per unit mass due to a porosity, buoyancy and
rotation,
E is the total energy per unit mass,
QH is a heat source per unit volume,
Tik is the viscous shear tensor, and
qi is the diffusive heat flux.
The subscripts denote summation over three coordinate directions. The Si term in the above
equations is the summation of three different components: a porosity component (Si porous), a
buoyancy component (Si gravity), and a coordinate system rotation component (Si rotation). This is
expressed mathematically as:
So, Si = Si porous + Si gravity + Si rotation
Equation 2 from above shows that the porosity term affects the momentum equation. The
Free Layers Duct modeling, therefore accounted for both the Siporous and Sigravity terms. However,
the user has to determine which porosity model to use. The various porosity models available
are described next.
COSMOSFloWorks treats porous media as distributed resistances to fluid flow, which act
through the Siporous term shown in the momentum equation above. The equation for the Siporous
term is:
S1 porus = -kS, pu Equation 4
Where:
k is the porous medium's resistance vector,
6i is Kronecker delta function (equal to unity when i=j, zero otherwise),
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p is fluid density, and
u is fluid velocity.
The user then has to define three more properties for COSMOSFloWorks to start the
calculation: porosity, permeability type, and the medium's resistance to flow. Porosity is defined
as the volume fraction of interconnected pores with respect to the total medium volume. For
example, a cube that is 40% porous means that 60% of the volume in that cube is made up of
material. Permeability type can be one of the following:
* Isotropic - the medium is permeable from any direction,
* Unidirectional - the medium is permeable in one direction only,
* Axisymmetrical - the medium permeability is fully governed by its axial and
transversal components with respect to a specified direction or
* Orthotropic - in general, when the medium permeability varies with direction and
is fully governed by its three components determined along three principal
directions. (COSMOSFloWorks 2004 Fundamentals p5-10)
The medium's resistance to flow is governed by vector k where k = -grad(P)/(p V). P, p, and V
are pressure, density, and velocity respectively. The k vector can then be specified with one of
the following four formulas (COSMOSFloWorks, 2004):
* k = AP*S/(m*L) - where AP is the pressure difference between the opposite sides
of a parallelepiped porous body, m is the mass flow rate through the body, and S
and L are the body cross-sectional are and length. AP can be specified as a
function of m whereas S and L are constants.
* k = (A *V+B)/p - where V is fluid velocity, A and B are constants, p is fluid
density. For this formula, only A and B are specified, V and p are calculated.
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* k = u/(p *D2) - where p and p are the fluid dynamic viscosity and density. D is the
pore diameter of the material. Here, only D is specified, u and p are calculated.
* k = u/(p *D2) *f(Re) - the difference between this and the previous formula is the
f(Re) factor. f(Re) is specified as a formula.
The Free Layers Duct model uses the third formula, k = u/(p*D 2), since the porosity and
pore size can easily be determined from the actual porous bronze airfoil. The porosity
parameters for the Free Layers Duct model are shown in Table 1.
Table 1 Porosity Parameters for Free Layers Duct
Porosity 0.4
Permeability Type Isotropic
Resistance Calculation Formula Dependency on reference pore size (D)
D 0.0001m
These porosity parameters then define the porous bronze section of the airfoil shown in Figure 9.
Later sections detail the results of the modeling.
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Porous Bronze
Figure 9 Porous Airfoil model in SolidWorks.
Goals Convergence
COSMOSFloWorks does not require the user to define convergence criteria in order for a
calculation to finish. The software has built-in criteria to stop a calculation. However, it is best
if the user specifies convergence criteria or convergence "goals" as COSMOSFloWorks refers to
them. The goals that are specified are physical parameters that the user would like to know.
Specifying these types of goals helps to reduce computational time and give results that are more
accurate (COSMOSFloWorks, 2004).)
The following four types of goals can be specified:
* Global goal - physical parameter calculated inside the entire computational
domain
* Surface goal - physical parameter calculated on a user-specified face of the model
* Volume goal - physical parameter calculated within a user-specified space
23
ts
__I_~·LIX____II·__III·· 111111-1 ·--.-· .·-.-.-- ·1141-- ·-11_--1-·_·~1_~1 1111 -11· I·1·LI·-.·- -1I·II.-~·I·II··-II·I-IXII-IXI····--·-·· C··-~·· ·LTI ·IYII·I I· ··I-·-L-111 --~ ---
*Equation goal - defined by a user-specified equation where other goals are the
equation's variables.
The Free Layers Duct model used the following global goals for convergence:
* Average volume fraction of methane
* Maximum velocity
* Average velocity
Porous Airfoil Model Results
This section described the porous model results. The goal of the model was to determine
why the experimental results from previous research showed inconsistencies in flame
propagation. Hovermann used Fluent software to develop a 2D model to help with his research,
but experience with the apparatus showed that the flow inside the duct was affected by the
sidewalls that the 2D model did not take into account. COSMOSFloWorks on the other hand,
could model the apparatus in 3D. It was hoped that the 3D model would reveal a cause for the
variance in the flame propagation experiments studied in previous work by Hovermann.
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Figure 10 shows an example of methane volume fraction at the midplane of the duct
while Figure 11 shows the velocity contours for the same plane. The flow conditions for this
case is 443.75 seem methane flow and 8 cm/s free flow. The porosity parameters for this case
were: 40% porosity, isotropic porosity type, and a pore diameter of 0.127mm. Both figures show
the methane gas flows out of the porous bronze section as expected, but the methane's buoyancy
causes the gas to accelerate downstream and create a high velocity plume along the center of the
duct. This effect is important because it could lead to turbulent mixing, something not desirable
for this experiment.
Figure 10 Example of the side view of the methane volume fraction at midplane of the porous model.
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Figure 11 Example of side view of the velocity contours at midplane of the porous model.
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Figure 12 Top view of the methane volume fraction at midplane for the porous airfoil model.
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Figure 13 Top view of the velocity contours at midplane for the porous airfoil model.
Figure 12 and Figure 13 show the top views of the methane volume and velocity contours
at midplane for the porous airfoil model. These figures show that the methane plume is centered
in the duct, but the methane accelerates downstream. Figure 14 shows methane volume fraction
and velocity contours in 3D. The methane plume along the center can be seen as it develops.
The important aspects of the results are to note that the plume develops as a "bull's eye" shape
and the methane accelerates downstream.
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Figure 14 Vertical slices of methane volume fraction and velocity for the porous airfoil.
At first glance, these results look reasonable. Quantitatively, though, the results do not
seem to agree with the experiment. The porosity of the bronze section of the airfoil proved to be
difficult as will be explained. The porous bronze airfoil shown in Figure 15 shows an example
of the streamlines function of COSMOSFloWorks. This example shows only the streamlines
that intersect the fuel inlets. As was explained previously, the purpose of the porous bronze
section (colored brown in the figure) of the airfoil was to wick liquid ethanol from the airfoil
cavity to the airfoil surface and have the liquid evaporate into the air stream. When the fuel was
switched to gaseous methane, it was hoped that the fuel would fill the cavity and uniformly flow
out of the surface of the airfoil. Clearly, the model that was developed with COSMOSFloWorks
is not capturing this effect. The model shows that incoming fuel impinging on the opposite flow
and then exiting the airfoil.
Quantitatively, the model reasonably captured the effect of the methane plume, but the
"bull's eye" shape of the plume was not desirable. Different iterations of the porosity diameter
did not produce better results. Nevertheless, none of the porous airfoil calculations predicted a
fuel plume that would approximate a 2D flame if the mix were ignited.
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Figure 15 Velocity streamlines that intersect the fuel inlets are shown.
The fact that the porous airfoil did not create a sheet of fuel as desired led to the
development of a different airfoil. The fact that SolidWorks allowed for a parametric design of a
new airfoil allowed the rapid prototyping of a solid airfoil with a slot cut along the trailing edge.
The next section describes the slotted airfoil design.
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Slotted Airfoil
As mentioned in the previous section the porous airfoil was originally designed for use
with liquid fuels. Previous research on this project shows that it was difficult to get consistent
ignition when liquid fuels were used with the porous airfoil (Hovermann, 2003). It was
theorized by Hovermann that the liquid fuel does not uniformly wet the airfoil surface. This
result creates variations on the airfoil surface in the gaseous surface mole fraction of the fuel.
This hypothesis was consistent with the fact that the flames observed by Hovermann did not
occupy the entire duct (in the direction of the span of the airfoil) but rather typically traveled
near one of the sidewalls. The hypothesis was also consistent with the difficulty in achieving
ignition in the ethanol/air flames.
Further work by Miller, coworkers, and Case Western University undergraduate students
showed that it was much easier to achieve ignition by flowing a gaseous fuel, such as methane
through the porous airfoil. However, although the methane gas ignited more consistently, the
flames showed a wide degree of variation and often appeared turbulent. The methane/air flames
also did not appear to span the entire duct and were thus not good candidates for modeling as 2-
D propagating edge flames. Accordingly, a redesigned airfoil, Figure 16, was developed in
order to produce a more consistent (and thinner) layer of gaseous fuel, which would not only be
easier to ignite, but would have a better chance of producing a laminar, 2-D edge flame.
Figure 16 Straight slot airfoil. Dimension in millimeters.
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The slotted airfoil has the same NACA 0012 profile as the porous airfoil described in
Hovermann (2003). For the new airfoils, solid 7075 aluminum airfoil shapes were machined
using a CNC Milling Center at Rowan University. Slots where then cut into the solid airfoils as
shown in Figure 16 using a wire EDM. The slot was cut 1.270 mm wide to make machining
easier and not change overall length of the airfoil. After machining at Rowan University, the
airfoils were shipped to NASA Glenn Research Center for integration with the Free Layers Duct
apparatus. COSMOSFloWorks predictions, discussed later, showed that this dimension worked
well for various methane and ethane flow rates.
Figure 17 Tapered slot airfoil. Dimensions are in millimeters.
Figure 17 shows a second design for the slotted airfoil, which was also machined using a
wire EDM. The slot in the second airfoil design is tapered toward the fuel inlet side of the
airfoil. The idea for the taper was to increase the resistance to flow at the inlet end of the slot to
better achieve uniformity in flow along the span of the slot outlet. Uniform flow at the slot outlet
is a key requirement for producing a nearly 2-D flow and fuel concentration field. Figure 18
shows a comparison of the results of CFD modeling for the straight and tapered slot airfoil
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streamlines. The computations were performed for 25 cm/s inlet airflow and 1775 sccm of
methane.
Figure 18 shows a comparison between the straight slot and tapered slot results from
COSMOSFloWorks. Note that a symmetry plane was used along the center of the duct. The
function of the symmetry plane will be explained in the model validation section. The predicted
difference between the tapered and straight slot airfoils is that the tapered airfoil "constricts" the
methane flow such that it flows out of the slot more uniformly than the straight slot airfoil. The
streamlines in Figure 18 show an eddy develops in the straight slot airfoil while the tapered
airfoil does not show an eddy. Both types of airfoils were ultimately machined for the apparatus,
but smoke tests showed that the straight slot airfoil had a tendency to create eddies and
turbulence at the trailing edge while the tapered airfoil did not. Subsequently, only the tapered
airfoil was used for the combustion experiments.
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Figure 18 Comparison of velocity streamlines in the straight (left) and tapered (right) slot airfoils. Note the
eddy near the inlet in the straight slot airfoil.
Figure 19 Methane volume fraction comparison between a porous airfoil and tapered slot airfoil.
Figure 19 shows a comparison between computations with the porous airfoil (in use with
a gaseous fuel) and the tapered slotted airfoil. Specifically, the figure shows 2D color contour
planes of methane mole fraction at various locations in the computed 3D flow field. The flow
conditions for Figure 19 were 25 cm/s airflow velocity at the duct inlet and 1775 seem of
methane at each of the airfoil fuel inlet tubes. As shown in Figure 19, the computational results
show that the slotted airfoil creates a more desirable layer of fuel for the purposes of this
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research. Specifically, the slotted airfoil layer spans the entire width of the duct and has more of
a "sheet-like" quality than the "bull's eye" shape of the flow from the porous airfoil. The "sheet-
like" quality is desirable since this closely resembles a 2-D flow field, with high concentration
gradients in the y-direction of the duct, and much less variation in the z-direction of the duct.
Hot Wire Anemometer
Before the cold flow results are presented,
Figure 20 Free layers 
duct anemometer 
ports. measuring 
fluid velocities 
by measuring
e ht heat
I transfer of a wire or film to 
the fluid in which it is
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the method of measuring the velocities inside the
duct will be discussed. The purpose of the cold
flow measurements was to characterize the flow
inside the duct at various flow conditions so that
the laminar condition could be determined.
Experiments were completed in laminar conditions
so that turbulent mixing would not occur.
One way to measure the velocity of a fluid
is to use a hot wire anemometer. In this case, a
TSI 1210-T1.5 hot-wire anemometer was used to
measure velocity profiles at different positions
along the duct. Figure 20 shows the position of the
five anemometer ports and the translation stage
that supports the probe. Figure 21 shows a
diagram of the anemometer.
Thermal anemometry is a method of
*I 11 - L I
submerged. The heat transfer rate is related to the velocity of the fluid flowing over the sensor of
the probe. By measuring the amount of current needed to keep the sensor at a constant
temperature, one can determine the velocity of the fluid flow. The advantages of thermal
anemometry are that it is sensitive to fluid fluctuations, it has a fast response time, and it enables
measurement of local velocity at very fine spatial resolution.I 'A "W .- 11P .01 II& -
Figure 21 TSI hot wire anemometer model 1210-T1.5. Copyright 2002 TSI Incorporated, Used with
permission.
The hot-wire anemometer has to be calibrated before it can be used. For this experiment,
the anemometer was calibrated for air using a calibration apparatus at NASA Glenn Research
center and an Excel sheet Hovermann developed specifically for the anemometer. Figure 22
shows the calibration curves that were used to calibrate the probe. It shows voltage as a function
of the air velocity. The blue curve is the velocity measured with the probe and the pink line
shows the actual measurement when a correction is made with Fluent. The triangle data points
are a check that the measurements are correct. Once the probe was calibrated, velocity profiles
could be measured at the different probe ports.
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Figure 22 Calibration curves for the hot-wire anemometer probe.
After the probe was calibrated, the flow inside the duct could be characterized. As
mentioned before, the fuel and free flows inside the duct must be laminar. Measurements from
the probe were used to determine the ranges of fuel and free flows that result in laminar flow.
The ranges for the methane tests were between 1322 seem and 3036 seem for the fuel flow and
between 19 cm/s and 60 cm/s for the duct inlet airflow. For ethane, the ranges were 898 seem
and 1362 sccm for the fuel flow and 25 cm/s and 40 cm /s for the duct inlet flow. All of the
combustion tests were conducted within these ranges.
Note that turbulence could be caused by two factors. One factor is the velocity of the air
at the inlet. If the free flow velocity much higher than the velocity of the fuel plume, then the
difference in fluid velocities causes turbulence. The other factor is that methane's buoyancy
would cause it to accelerate downstream which would also cause a big difference in free flow
velocity and the fuel plume velocity.
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Calibration curve for 1210-T1.5 serial #981106
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Figure 23 Hot wire anemometer scan showing a laminar flow condition at 25 cm/s airflow and 1775 seem
methane. Note the small error bars.
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Figure 24 Hot wire anemometer scan showing a turbulent flow at 25 cm/s airfoil and 2626 sccm methane.
Figure 24 Hot wire anemometer scan showing a turbulent flow at 25 cm/s airfoil and 2626 seem methane.
The large error bars indicate turbulence.
Figure 23 and Figure 24 show examples of laminar and turbulent anemometer scans. The
error bars in Figure 23 are small compared to the large error bars shown in Figure 24. The large
error bars occur when turbulence is present. Smoke test confirmed that the flow in the duct was
turbulent when the fuel flow was 2626 sccm.
A Key Instruments GS8000 flow meter was used to control and measure the fuel flow.
The flow meter uses millimeter marks to measure the fuel flow and an accompanying calibration
sheet identifies the corresponding volumetric flow rates depending on the fuel. These millimeter
marks resulted in the unique values of flow rates reported herein (e.g. 898 seem, 1362 sccm, etc.)
Fuel delivery line were an important aspect of this work because asymmetry could in the
flow rate for each side of the airfoil could change the fuel "sheet" flowing out of the trailing edge
of the airfoil. The fuel flow was split after flowing out of the flow meter to both sides of the
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duct. Figure 25 shows the fuel splitter and the fuels lines connected to the duct. The fuel lines
were cut to the same length so that the pressure drop along them was approximately equal.
The instrument used to measure the duct velocity was a Hot Wire Probe (TSI Model
1210-T1.5). Hot wire anemometry is an accurate way to measure velocity because of its quick
response and precision. Prior to measuring local velocity in the duct at various locations, the
probe had to be calibrated.
A Coanda air inducer located at the end of the duct controls the inlet velocity of the duct.
Therefore, the pressure running the air inducer will affect the inlet velocity of the duct, and the
duct velocity can be correlated to the air pressure of the Coanda air inducer. This calibration was
done with the hot wire anemometer. The wire was positioned in the center of the duct 0.5in from
the inlet opening. Then the pressure was increased in increments of 10 psi. Figure 26 shows the
calibration data used to correlate Coanda air pressure to duct inlet velocity.
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Flow Duct Calibration - 3/15/05
Figure 26 Free Layers Duct correlation of inlet velocity to the Coanda air inducer air pressure.
Model Validation
The Free Layers Duct model was predicting qualitatively adequate results, but it still had
to be validated against experimental data. It was decided that velocity profiles inside the duct
would be a good way to determine the error between the model and experiment.
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Figure 27 Location of hot wire anemometer ports on the Free Layers Duct. Dimensions are in centimeters
(cm).
I :
I I
I
Figure 27 shows the locations of the hot wire anemometer ports. Velocity profiles were
taken at these locations and compared to the COSMOSFloWorks predictions. Figure 28 shows a
comparison of the experiment and COSMOSFloWorks at the third hot wire port. For this
example, 1775 seem of methane was flowing through the airfoil and the free flow was 25 cm/s.
Clearly, the buoyancy effects of the methane can be seen in both the experiment and prediction.
Also shown on the graph are the results when symmetry planes are used. The yellow and cyan
colored lines represent cases for half and quarter domains, respectively. The fact that the lines
are similar to the whole domain results demonstrates that the symmetry planes do not change the
flow effects.
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Figure 28 Comparison between COSMOSFloWorks predictions with different symmetry planes and
experiment. The conditions are 1775 seem methane and 25 cm/s free flow.
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Figure 29 Cold-flow comparison of COSMOSFloWorks and experiment.
Figure 29 shows the experimental and predicted results for a cold-flow case. The velocity deficit
in the middle of the duct is the wake of the airfoil. Again, the COSMOSFloWorks predictions
agree with the experiment. In addition, the slight increase in velocity can be seen near the far
wall that results from the hot wire probe interrupting the flow while the data was measured.
Once the model was validated, an analysis of the fuel concentration could be completed.
Figure 30 and Figure 31 show equivalence ratio calculations along the centerline of the duct
starting at the trailing edge of the airfoil. The horizontal lines indicate the flammability limits for
the fuel and the vertical lines indicate possible igniter positions. As expected, the mix is rich
flowing out of the airfoil and becoming leaner as the fuel flows downstream. These calculations
were helpful because they showed what fuel flows would yield a flammable mix at the last
igniter position. Combustion experiments later verified that the model approximated the lean
limits correctly.
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Figure 30 Equivalence Ratio (D) Along the duct centerline for methane.
Figure 31 Equivalence Ratio (0) Along the Duct Centerline for Ethane
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Chapter 3 Experimental Description and Test Results
This section will describe the experimental apparatus and results in detail. The cold flow
experiment procedures and equipment used for those experiments is presented first. Then the
combustion experiments and results will follow.
The Free Layers Duct was located in the National Center for Space Exploration and
Research Laboratory at NASA Glenn Research Center in Cleveland, OH. The laboratory
conditions for both the cold flow and combustion experiments were the same. Laboratory
conditions were normal room temperature at 70 0 F and atmospheric pressure at 1 atm. The
laboratory is equipped with an exhaust system in the ceiling. The Free Layers Duct was
positioned directly underneath the duct so that the exhaust gases from combustion tests could be
vented outside the laboratory. Figure 32 shows a exhaust
diagram of the free layer experiment where the labels in
the figure show all of the major components of the Free
Layers Duct.
Summarizing from previous sections, the air
flows into the duct at the inlet, fuel is dispensed by the
airfoil creating a fuel layer, the flame is ignited at the
top of the duct, and the flame propagates toward the
airfoil while video cameras capture the flame
propagation. The exhaust duct then vents the
combustion products, air
The duct walls are made from Lexan 0.5 x 7.25
Figure 32 Free layers experiment
x 31 inches, and the top and bottom walls are 0.38 xdiagram.
4.26 x 31 inches. The honeycomb at the inlet is ceramic with 1 mm square holes. The distance
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between the face of the honeycomb and the table was 15 cm. The CAD drawings of the
apparatus can be referenced from Hovermann's master thesis.
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Combustion Experiments
The combustion experiments were performed after the duct flow was characterized and
the fuel and free flow combinations that yielded a laminar flow were known. Methane was used
as the first test fuel for the combustion tests. The motivation for using methane was that a laser
diagnostics method for measuring fuel concentrations in a flow was developed concurrently with
this project by another student (Kulis 2005). Measurements from this method would have
allowed experimental data to be compared to the COSMOSFloWorks predictions and validate
the model to the experiment. The laser diagnostics method, however, was not ready in time for
this work.
Methane's buoyancy proved to be an issue during the experiments. The density of
methane at 1 atm 300K is 0.65281 kg/m^3 while air at the same conditions is 1.184 kg/m^3.
Obviously, methane is less dense than air and the difference caused methane to accelerate as it
flowed downstream of the airfoil exit. The problem with the acceleration is that the flow could
become turbulent. Since turbulent mixing destroys the layer of fuel, then the flow parameters for
methane had to be set correctly so that the flow remained laminar.
Ethane was the other fuel used for the combustion experiments. The density of ethane
(1.279 kg/m 3 at 21.10 C) is much closer to that of air, which eliminated the buoyancy problem
that methane caused. Other than buoyancy, ethane behaved similarly to methane. The ethane
layer turned out to be laminar along the entire length of the duct as determined by smoke tests
and hot wire anemometer measurements. Methane tended to transition to turbulence towards the
outlet of the duct.
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Igniter Wire
giF ure 33 Circuit of the igniter wire.
Table 2 Laboratory equipment
Smoke wire power supply - Raytheon Co SRL 20-12, Sorensen power Supplies
Nichrome/Formvar - 0.0020 in bare, 0.0026 in coated wire for smoke streak tests
Smoke wire paste - Nokorode Soldering Paste
Two Panasonic Desktop Editor AG-1980 VCR
Two Horita FP50 time code generators
Anemometer Power Supply - Systron Donner Model TL8.3
Flow meter - Key Instruments GS8000
Anemometer Volt Meter - HP 3455A Digital Voltmeter
Kanthal igniter wire
Hitachi KP-C553 CCD Color Camera
Panasonic GP KR 222 Digital Camera
Sony PBF-96 Monitor (used for the camera playback)
Panasonic CR-990U Monitor (used for the camera playback)
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The experiment procedure for all of the
combustion tests was the same. Table 2 shows the
equipment used in the combustion experiments.
First, the igniter wire was cut to length of 95 to
100 mm and attached to the igniter posts. The
igniter posts were then connected to a power
supply set to 11V. Figure 33 shows a diagram of
the igniter wire circuit. Second, the cameras were
setup to show approximately the same section of
the duct for the top and side views. At this point, a
scale was recorded. Third, the room exhaust
system was turned on and the airflow was set to
the desired inlet flow rate. Fourth, the cameras,
VCR's, and time code generators were readied for
recording. Fifth, the fuel flow was set. Sixth, the
VCR's were set to record, the lights were turned
Figure 34 Experiment setup before a off, and the switch for the igniter was turned on.
combustion test.
At this point, the flame would ignite if the flows
were flammable. After the flame is extinguished, the lights are turned on, the VCR's stop
recording and the next test is prepared. Each flame test was approximately two minutes. The
rapidity of the tests allowed for many tests to be performed in a day. Figure 34 shows the duct
before a combustion tests. The cameras are positioned perpendicular to each other so that they
capture the top and side views of the flame propagation.
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Figure 35 Typical shape of a Layers Edge Flame propagating from left to right. The side view is on the left
and the top view on the right.
Figure 35 shows the shape of a typical ethane fueled combustion test. The side
view shows the curvature of the leading edge while the top view shows that the flame spans the
width of the duct. The side view flame is similar in shape to a triple flame, but closer inspection
shows that the branches at the top and bottom of the flame are symmetrical since the fuel
concentration is symmetrical about the centerline of the duct. A more detailed analysis of these
types of figures is presented in the next section.
After the combustion experiments are complete, the video is analyzed and the flame
spread rates are measured. A scale recorded before the test is used to determine the displacement
per pixels on the recording. A software program developed by NASA called Spotlight is used to
track the leading edge of the flame (http://exploration.grc.nasa.gov/spotlight/). Figure 36 shows
a graph of the position of the leading edge of the flame versus time data for three different tests
with inlet air flow of 25 cm/s and ethane flow rates of 1299, 1135, and 967 sccm, respectively..
The flame position data are typical for most of the combustion tests for methane and ethane
where most of the tests show a linear trend for position versus time. Note that the zero position
and time is relative to when the flame first appears in the video frame. The data also show that
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an increase in fuel flow increases the slope of the position vs. time curve, which is used to define
the flame propagation velocity.
Position vs Time Graph for Ethane at Different Fuel
Flows, 25 cm/s Freeflow
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Figure 36 Comparison of tracked ethane combustion tests.
Using the linear regression tool in MS Excel, linear curve fits were generated for each
position vs. time curve. The slope of each linear regression was then used as the definition for
the flame propagation velocity. For example, for the curves shown in Figure 36, the slopes for
each test were calculated to be 155, 188, and 200 cm/s. The R2 values calculated for each linear
regression suggest that the flame propagation velocity is nearly constant for each case.
Comparing the calculated flame propagation velocities from Fig. 23 to the stoichiometric laminar
burning velocity for ethane of 43 cm/s shows that these flames are traveling between 3 and 5
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times as fast and that the free layers duct is successfully creating a non-uniform layer of fuel
along the center of the duct (Turns 281).
Figure 37 shows ethane flame spread data at 25 cm/s free flow. The data in Fig. 24 were
obtained by tracking the leading edges of both the top and side view of the flames. (note: the
reader has not seen either of these views yet. This is why you need to include those images
earlier) The top and side view data points should line up for each but a difference in the
recording of the scale resulted in a bit of scatter.
Figure 37 Ethane flame spread data at 25 cm/s free flow.
Similar results were obtained for the methane tests. Figure 38 summarizes the results for
the methane experiments conducted at a variety of air inlet velocities and fuel flow rates. The
data show methane combustion tests performed at different fuel flows and free flows. The trend
is similar to that of ethane in that an increase in fuel flow increases the flame speed. In addition,
an increase of the incoming air free flow slowed the flame speed. This happens because the
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flame has to overcome the opposing flow from the air. The different sets of data points show
that higher methane flows had to be used at higher free flows. Experiments showed that a high
methane flow in a relatively slow free flow would cause turbulence and the flame would not be
laminar. The data also shows a bit of scatter. Experiments conducted in the same conditions
sometimes would not yield the same flame speed. It was thought that methane's buoyancy
would start the flow inside the duct to start transitioning to turbulence, resulting in scatter in the
experimental data. . Nevertheless, the flame speeds that were measured are much greater than
the laminar stoichiometric burning velocity for methane of 40 cm/s. Note that the flame speeds
presented are in laboratory coordinates and that the flame had to overcome the opposing flow of
the air.
Figure 38 Methane test results
Flame spread rate results for both methane and ethane show the same trend of increasing
flame spread rate as fuel flow increases. The difference between the ethane and methane
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Methane Flame Spread Rate
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experiments is that ethane tests were more repeatable than methane due to the buoyancy induced
turbulence in the methane experiments.
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Figure 39 Side view frames for a methane combustion test at 3036 seem of methane and 25 cm/s free flow.
The still shots in Figure 39 show the side view of a propagating methane edge flame. In
the experiment, the duct was oriented vertically. Here, gravity points to the left and the flame
propagates from right to left. These shots are shown horizontal because the longer axis of the
camera allowed for increased resolution along that axis. A 10 cm scale shows the size of these
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flames. These pictures are typical of an acceptable methane test. All of the images present here
and later in the thesis are field images, not frames. A field image is the either an odd or even
deinterlaced frame from video. Unacceptable tests showed that the flame was wrinkled or an
uneven leading edge, which lead to scatter in the flame speed calculations. The top view of the
same methane test can be seen in the Figure 40. The top view shots show that the leading edge of
the flame is a bit wrinkled.
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Flame Propagates Left to right.
Figure 40 Top view of methane test at 3036 seem, 25 cm/s free flow. The glowing object above the time code
is the igniter wire glowing red-hot after ignition.
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Figure 41 Side view close-ups of a methane test at 2626 seem, 31 cm/s free flow.
Figure 41 shows side view still shots of a methane test. The structure of the flame shows
a curved leading edge with branches at the top and bottom. Some of the shots show that a
diffusion flame is present trailing after the flame along its center. This edge flame structure
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could be classified as a triple flame where there are rich and lean branches followed by a
diffusion flame (Buckmaster 2002). The free layers edge flames, however, are different from
most triple flames (See Philips, 1968, for example) because the fuel layer is symmetrical which
makes the branches symmetrical. Figure 42 shows the top view for the same test. The top shots
show that the leading edge of the flame spans the width of the duct and that the leading edge
wrinkles as it propagates upstream in the duct. . Figure 41 also shows what appear to be multiple
leading edges. It is misleading because it appears more than one flame develops. Figure 41 also
shows what appear to be multiple leading edges, which is misleading because it appears that
more than one flame develops. Figure 42, however, shows that the multiple edges are most
likely caused by the wrinkle along the leading edge. It is believed that the wrinkles are caused
by methane's buoyancy. The wrinkles in the flames were one of the reasons that tests were
conducted with ethane.
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Figure 42 Top view close up shots of a methane test at 2626 seem, 31 cm/s free flow.
It was shown that the data for the ethane tests had less scatter than the methane tests.
Ethane flame propagation turned out to be more repeatable than methane tests. Figure 43 shows
still shots of an ethane test with inlet air velocity of 25 cm/s and fuel flow rate of 967 sccm.
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Compared to the methane test above, the ethane flame has a more clearly defined flame
structure. The leading edge curve and branches at the top and bottom are still present but the
"multiple" edges seen in the methane test are not present. Also, note that the flame propagated
past the airfoil, which indicates that the ethane was pushed ahead of the flame leading edge.
This is an important observation because it could be one of the reasons that increase the flame
speed.
Figure 44 shows the top view of the same test. This view shows a clearly defined leading
edge that has less wrinkling than the methane flame. These shots are typical of an ethane
combustion test.
Figure 43 Side view of an ethane test at 967 seem, 25 cm/s free flow. Again, it would be better to zoom in a bit
on the flames here, and then include the full sequence in the Appendix.
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Figure 44 Top view of an ethane test for 967 seem, 25 cm/s free flow.
Figure 45 shows close-up shots of the ethane tests. The flame structure is clearly defined
with a curved leading edge and branches along the top and bottom for the side view (first four
frames). The top view (last four frames) shows a non-wrinkled leading edge. A diffusion flame
appears behind the leading edge, suggesting that this flame could be classified as a triple flame.
The fact that the flame only appears in four consecutive frames shows that this flame was
traveling very fast. The measured flame speed for this test was 120 cm/s. The last frame only
shows a bit of the flame because it is partially obscured by an access port in the duct.
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Flame Structure
As shown in the previous figures, all of the Layers Edge flames are curved and appear to
approximate the shape of a triple flame. A triple flame, however, has a lean branch, a rich
branch, and a diffusion flame trailing the point where the three branches meet. Figure 46 shows
an example of a triple flame. A rich branch is present near the fuel source, a lean branch at the
opposite side, and a diffusion flame along the center. The diffusion flame is caused by excess
fuel and excess air flowing through the flame zone in the rich and lean branches and igniting
behind the leading edge.
Fuel Flow
Air Flow
Figure 46 Triple flame propagating through a fuel layer. (Philips 1965)
Figure 46 and the third shot in Figure 45 seem to show the same edge flame structure, but
the difference is that the fuel layer in the Layers experiment is symmetrical about the centerline,
which, in turn, makes the Layers flames symmetrical about the centerline. The fuel layer in
Philips work is concentrated along the ceiling, which makes it possible to have rich and lean
branches.
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Another aspect of the Layers edge flames is that the flame propagates into an increasingly
richer fuel mixture as shown in Figure 30 and Figure 31. Under these conditions, a Layers edge
flame will only develop a trailing diffusion flame between 18 cm and 40 cm behind the trailing
edge with ethane fuel flows of 867 seem to 1775 sccm.
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Smoke Streaks
One of the last sets of experiments to be completed for this work was a smoke streak line
test. For these experiments, a thin wire of nichrome/Formvar was suspended at a position near
the inlet. Figure 47 shows a detail of the supports for the wire.
Figure 47 Smoke wire suspended near the inlet.
Two supports (one on each side of the duct) held the smoke wire in place. The nichrome
wire (0.0020 in bare, 0.0026 in coated diameter) is first attached to one of the support post on
one side. Then the wire is threaded through an access hole to the other side and attached to a nut
and bolt so that the wire is tensioned and straight A 1 mm diameter drop of Nokorode soldering
paste was then applied to the wire with a small flathead jeweler's screwdriver at 1 mm
increments along its length inside the duct. Initially, another smoke making material was used
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called "fog fluid" from a theater fog machine. It was found that smoke streaks created with the
Nokorode paste rather than fog fluid lasted longer and produced better smoke streaks.
After the wire was coated with the paste, a current of 0.25 A was applied to the wire. The
effect was that the wire heated up and melted the paste on the wire. When the paste melted, it
released smoke and the multiple drops of paste on the wire resulted in multiple uniform smoke
streaks that lasted up to 30 seconds. Backlighting of the streaks sufficiently illuminated the
streaks so that the camera could capture them. The following figures show examples of the
streaks.
Figure 48 shows four still shots (0.1 s between shots) of one of the smoke streak tests. In
the first shot, the smoke, fuel, and airflows are flowing downstream away from the airfoil. The
second shot shows the smoke starting to buckle. The buckling happens because the flame affects
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the flow ahead of the leading edge. The third shot shows even more buckling and by this time,
the smoke lines have actually reversed direction and are traveling towards the airfoil. It can also
be seen that the smoke streaks at the center of the duct are more disturbed than the streaks closer
to the walls. This effect leads to the conclusion that the flame only affects the flow along the
centerline where the flame will travel. The fourth shot shows the flame traveling through the
smoke and dissipating the streaks as it travels through them. The divergence of the streak lines
directly upstream of the flame suggests that the fuel concentration gradient upstream of the
propagating flame is modified by the presence of the approaching flame. This effect has been
observed by Miller and coworkers in the floor layers experiments (2002) and, more recently by
Kulis and coworkers (2005).
Fuel Gradient Calculation
One of the causes of a high flame speed could be the fuel gradient through which the
flame propagates. At the beginning of this work, it was thought that the laser diagnostics system
(Kulis, 2005) would be used to measure the fuel concentration inside the duct. The limitation,
however, was that the system is still in development and it could only measure methane. As
explained before, methane flames introduce scatter in the data. In light of this, the CFD model
described in the previous chapter was used to calculate the theoretical fuel gradient before the
flame is ignited.
Figure 49 shows an example of the data that was used to calculate the data points that
were used in Figure 50. The gradient of the linear section of each data curve was used to
calculate the average mass fraction gradient. The section of the ethane mass fraction data is
shown on the graph.
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Figure 49 Equivalence Ratio perpendicular to the airfoil at various axial positions - 1035 seem Ethane, 25
cm/s free flow.
Ethane's flame speeds were more repeatable so ethane experiments with a free flow of 25
cm/s were used. Figure 50 shows a plot of the average experimental speed as a function of
average mass fraction fuel gradient. Plotting flame speed versus a fuel gradient is a way to
analyze the results independent from the experiment. The trend is that the flame speed will
increase with the fuel gradient when the gradient is between 0.0046 mm" and 0.0065 mm-l . This
trend makes sense because the regime between a zero gradient and 0.0046 mml appears to
approximate the laminar burning speed. A fuel gradient of zero describes a uniform fuel/air
mixture.
This calculation is similar to the work done by Ko and Chung as described in the
literature review. The difference is that their results showed that the flame speed would decrease
with an increase of fuel gradient, opposite of the trend shown here. However, the range of the
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fuel gradient shown here is smaller than the range reported in Ko's work. Their fuel gradient
starts at 0.01 fuel mass fraction/dR. It appears that there might be a maximum were the flame
speed increases at small fuel gradients but decreases at larger gradients.
Figure 50 Experimental speed vs. fuel gradient.
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Flame Speed vs Fuel Gradient at 25 cm/s Free Flow
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Chapter 4 Conclusions and Future Work
Hovermann and coworkers designed and built the free layers apparatus in order to study
flames propagating in a free layer of fuel (Hovermann, 2003). One of the objectives of the work
of Hovermann was to study how edge flames behaved if the effects of the walls were removed
while the flame propagated. That work used ethanol vapor as a fuel source issued from a porous
airfoil. The results showed that repeatable tests were difficult to accomplish and the ethanol/air
flames were very difficult to ignite. However, that work also showed that freely propagating
flames were possible inside the duct.
A follow on study by Miller and coworkers with help from Case Western University
undergraduate students showed that gaseous fuels such as methane could be used in the same
apparatus to obtain flames that were much easily ignited. However, those experiments were
completed with the porous bronze airfoil and variation in the data did not yield conclusive trends.
The slotted airfoil idea arose from this work.
As part of the present study, a commercial CFD package was used to analyze the flow field
developed by using gaseous fuels in the porous airfoil. This work showed that the fuel layer
developed by the porous airfoil was "bull's eye" shaped and correctly modeling the porosity of
the airfoil proved to be difficult. As a consequence of the porous airfoil modeling, a slotted
airfoil was designed so that a "sheet like" layer of fuel could be established. CFD analysis of the
slotted airfoil showed that a sheet of gaseous fuel developed and that it approximated conditions
where a 2D edge flame could ignite.
The flow inside the duct was characterized before combustion experiments were
performed in order to determine which flow regimes yielded a laminar flow. Hot wire
anemometer measurements helped validate a numerical model of the experiment. The model,
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helped determine which fuel flows would result in combustible mixtures along the centerline of
the duct.
The experimental work conducted as part of this thesis focused on using measuring the
flame propagation velocity for stratified gaseous fuels/air mixtures generated using the slotted
airfoil. The results showed that gaseous fuels were easy to ignite and repeatable experiments
were possible. Methane and ethane were used as the fuels and experiments showed that
methane's buoyancy in air affected the repeatability of the experiments while ethane tests were
more repeatable. Flame spread measurements for both fuels showed that the flame was
propagating 3 to 5 times as fast as the laminar burning velocity of the respective fuel.
Experiments also showed that a slotted airfoil created a better layer of fuel along the center of the
duct than a porous airfoil.
Overall, this work showed that this experiment apparatus is capable of producing
repeatable, nearly two-dimensional, propagating edge flames. COSMOSFloWorks was proven
to be a useful tool for parametric design and flow predictions. Fuel concentration calculations
showed that an increase in the fuel gradient also increases the flame speed.
Future work will focus on the development of a 2-D, transient chemically reacting flow
model that will be used to simulate the experimental results described herein. The model, which
is currently under development (Marchese, 2006), will enable the determination of the effects of
the upstream flow conditions (i.e. transverse and axial fuel concentration gradient) on the flame
propagation.
Experimental measurement of the fuel concentration in the duct using a laser diagnostics
system has also progressed to the point where it could be used in the free layers apparatus (Kulis,
2005). The technique was developed for methane but could be modified to also be effective for
use with ethane. The modeling and experimental concentration measurements would both
reinforce the hypothesis that the change in fuel gradient affects the flame speed.
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Appendix A - COSMOSFIoWorks Fluid Properties
COSMOSFloWorks has an extensive database of common materials. Air, methane, and
ethane gas properties were defined in the COSMOSFloWorks database. The fluid properties are
summarized below:
Air
Path: Gas FW Defined
Specific heat ratio (Cp/Cv): 1.399
Molecular mass: 0.02896 kg/mol
Air Dynamic viscosity
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Methane
Path: Gas FW Defined
Specific heat ratio (Cp/Cv): 1.30458
Molecular mass: 0.016042 kg/mol
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Appendix B - Combustion Test Frame Sequence
Flame propagates past
the airfoil.
Side view of an ethane test at 967 seem, 25 cm/s free flow.
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Appendix C - Table of Methane/Air Combustion Tests
Methane
Flow Methane Freeflow Freeflow
(mm) Flow (sccm)
30
35
40
45
50
55
60
60
55
50
45
40
35
40
flamelets
40
flamelets
40
flamelets
40
1322
1549
1775
1991
2207
2417
2626
2626
2417
2207
1991
1775
1559
1775
1775
1775
1775
1
2
3
4
5
6
7
8
9
10
11
12
13
14
Notes
15
Notes
16
Notes
17
18
19
20
(psi)
40
40
40
40
40
40
40
40
40
40
40
40
40
40
(cm/s)
25
25
25
25
25
25
25
25
25
25
25
25
25
25
Igniter Y-
Position(in)
22
22
22
22
22
22
22
22
22
22
22
22
22
22
Igniter
Wire
Length
(mm)
85
85
85
85
85
85
85
85
85
85
85
85
85
95
Igniter
Voltage
(V)
11
11
11
11
11
11
11
11
11
11
11
11
11
11
Igniter
Depth
(mm)
51
51
51
51
51
51
51
51
51
51
51
51
51
51
Ignition?
no
no
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
no
no
Flame Speed
(cm/s) - Side
View, Lab
Coordinates
Flame Speed
(cm/s) - Top
View, Lab
Coordinates
55.2
51.6
72.1
81.7
89.3
90.8
74.9
65.0
42.9
31.7
50 31 22 95 11 51 no
60 36 22 95 11 51 no
70 42 22 95 11 51 no
80 48 22 95 11 51 no
no flamelets, looks like the flame is getting blown out
40 1775 90 54 22
45 1991 100 60 22
no flamelets
95
95
11
11
51
51
no
no
Test #
smaller flamelets
40 1775
Methane
Test #
Flow Methane Freeflow Freeflow
(mm) Flow (sccm) (psi) (cm/s)
45 1991
took a few tries to ignite
45 1991
lots of flamelets, but no p
45 1991
lots of flamelets, at the br
24 45 1991
lots of flamelets
25 45 1991
flamelets
26 45 1991
smaller flamelets
27 45 1991
small flamelets
28 45 1991
small flamelets
29 45 1991
almost no flamelets
30 50 2207
ignited instantly
31 50 2207
32 50 2207
33 50 2207
wire broke
34 50 2207
wire broke
35 50 2207
wire broke
40 25
Igniter
Igniter Y- Wire
Position Length
(in) (mm)
22 9521
22
23
95
95
95
95
95
95
95
95
95
95
95
95
100
100
--
Ignition?
yes
Flame Speed Flame Speed
(cm/s) - Side (cm/s) - Top
View, Lab View, Lab
Coordinates Coordinates
61 64
..
50 31 22
iropagation
50 31 22
rink of propagating
60 36 22
60 36 22
70 42 22
80 48 22
90 54 22
100 60 22
40 25 22
40 25 22
40 25 22
50 31 22
50 31 22
50 31 22
Igniter
Voltage
(V)
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
79
Igniter
Depth
(mm)
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
no
no
no
no
no
no
56
57
57
62
57
53
no
no
no
yes
yes
yes
no
no
Test #
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
Methane Igniter Y-
Flow Methane Freeflow Freeflow Position
(mm) Flow (sccm) (psi) (cm/s) (in)
50 2207 50 31 22
wire broke
50 2207 50 31 22
lots of flamelets at the beginning, then nothing
50 2207 50 31 22
no flamelets
50 2207 50 31 22
flamelets
50 2207 60 36 22
flamelets
50 2207 70 42 22
flamelets
50 2207 80 48 22
flamelets, looks like a flame around the igniter forms
50 2207 90 54 22
flamelets, looks like a flame around the igniter forms
50 2207 100 60 22
no flamelets
50 2207 100 60 22
no flamelets
55 2417 40 25 22
55 2417 50 31 22
55 2417 60 36 22
wire broke
55 2417 60 36 22
lots of flamelets and flaring
55 2417 70 42 22
55 2417 80 48 22
55 2417 90 54 22
Igniter
Wire
Length
(mm)
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
80
Igniter
Voltage
(V)-M)-
11
10
10.5
11
11
11
11
11
11
11.5
11
11
11
11
11
11
11
Igniter
Depth
(mm)
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
72
53
67
53
Flame Speed Flame Speed
(cm/s) - Side (cm/s) - Top
View, Lab View, Lab
Ignition? Coordinates Coordinates
no
no
no
no
no
no
no
no
no
no
yes
yes
no
no
no
no
no
Methane Ig
Flow Methane Freeflow Freeflow F
est # (mm) Flow (sccm) (psi) (cm/s)
53 55 2417 100 60
no flamelets
54 60 2626 40 25
55 60 2626 50 31
56 60 2626 60 36
57 60 2626 70 42
took a few tries to ignite, the flame seemed
58 60 2626 80 48
wire broke. A section of the wire fell and ig
59 60 2626 80 48
flamelets
60 60 2626
small flamelets
61 60 2626
no flamelets
niter Y-
'osition
(in)
22
22
22
22
22
to stabiliz
22
Inited the
22
90 54 22 100
100 60 22 100
62 65 2832 40 25 22 100
63 65 2832 50 31 22 100
64 65 2832 60 36 22 100
65 65 2832 70 42 22 100
seemed to stabilize for a moment in the middle of the duct
66 65 2832 80 48 22 100
flamelets, propagated a bit but it did not make it to the airfoil
67 65 2832 90 54 22 100
flamelets, same as test 66. The outlet makes a "popping, flaring"
68 65 2832 100 60 22 100
69
70
71
same "popping, flaring" sound as before
70 3036 40 25
70 3036 50 31
70 3036 60 36
detaches and reattaches to airfoil
22
22
22
100
100
100
L
gniter
Wire
.ength
(mm)
100
Igniter
Voltage
(V)
11
Igniter
Depth
(mm)
51
100 11 51
100 11 51
100 11 51
100 11 51
ze near the igniter for a bit
100 11 51
trailing edge of the airfoil
100 11 51
Flame Speed Flame Speed
(cm/s) - Side (cm/s) - Top
View, Lab
Ignition? Coordinates
no
yes
yes
yes
yes
74
60
43
34
View, Lab
Coordinates
75
56
35
31
no
no
11 51 no
11 51 no
11
11
11
11
51
51
51
51
yes
yes
yes
yes
77
72
58
75
64
60
11 51 no
11
sound
11
11
11
11
51
when the
51
51
51
51
no
mix ignites near the igniter wire
no
yes
yes
yes
81
61
T \ .. I
Me
F
(r
thane
-low Methane Freeflow Freeflow
mm) Flow (sccm) (psi) (cm/s)
70 3036 70 42
70 3036 80 48
70 3036 90 54
70 3036 100 60
Igniter Y-
Position
(in)
22
22
22
22
Igniter
Wire
Length
(mm)
100
100
100
100
flame looked turbulent
76 40 1775 40 25 22 100
this test is marked as #75 in the video
77 40 1775 50 31 22 100
flamelets. Ignition is unlikely, going to higher methane flow
78 45 1991 40 25 22
almost ignited
79 45 1991 50 31 22
ignition unlikely, switching to higher methane flow
80 50 2207 40 25 22
wire broke
50
50
2207
2207
40
50
25
31
22
22
wire broke
50 2207 50 31 22
50 2207 50 31 22
50 2207 60 36 22
ignition unlikely, switching to higher methane flow
55 2417 40 25 22
55 2417 40 25 22
x2 Flames
55
x2 Flames
55
x2 Flames
2417
2417
Igniter
Voltage
(V)
11
11
11
11
Igniter
Depth
(mm)
51
51
51
51
Ignition?
yes
yes
yes
yes
Flame Speed
(cm/s) - Side
View, Lab
Coordinates
57
44
70
Flame Speed
(cm/s) - Top
View, Lab
Coordinates
53
39
11 51 no
11 51 no
11 51 no
11 51 no
11 51 no
100
100
100
100
100
100
100
100
100
100
50 31 22 100
60 36 22 100
11
11
11
11
51
51
51
51
51
51
51
yes
no
yes
yes
no
yes
yes
11 51 yes
11 51 yes
82
Test #
72
73
74
75
81
82
83
84
85
86
87
88
89
--
Igniter Igniter
Voltage Depth
----
Flame Speed Flame Speed
(cm/s) - Side (cm/s) - Top
View, Lab View, Lab
Ignition? Coordinates Coordinates
no
---
Test #
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104-1
Igniter
Methane Igniter Y- Wire
Flow Methane Freeflow Freeflow Position Length
(mm) Flow (sccm) (psi) (cm/s) (in) (mm)
55 2417 70 42 22 100
ignition unlikely, switching to higher methane flow
60 2626 40 25 22 100
x2 Flames
60 2626 50 31 22 100
x2 Flames
60 2626 60 36 22 100
x2 Flames
60 2626 70 42 22 100
x2 Flames
60 2626 80 48 22 100
wire broke. ignition unlikely, switching to higher methane flow
65 2832 40 25 22 100
x2 Flames, did not tense the igniter wire as much
65 2832 50 31 22 100
x2 Flames
65 2832 60 36 22 100
x2 Flames
65 2832 70 42 22 100
x2 Flames, looked turbulent
65 2832 80 48 22 100
ignition unlikely, switching to higher methane flow
70 3036 40 25 22 100
x2 Flames
70 3036 50 31 22 100
x2 Flames
70 3036 60 36 22 100
x2 Flames, detaches and reattaches to airfoil
70 3036 70 42 22 100
x2 Flames
11>
11
11
11
11
11
11
11
11
11
11
11
11
(mm)
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51 50
83
yes
yes
yes
yes
no
yes
yes
yes
yes
70
66
56
47
no
yes
yes
yes
yes
71
59
52
Methane
Flow Methane Freeflow Freeflow
m( m) 
Flow 
(sccm) 
(ps)
104-2
105-1
105-2
106-1
106-2
107
108
109
110
111
112
113
114
115
116
117
118
119
Igniter Y-
Position
(cm/s) (in)
42 2270 3036 70
x2 Flames
70 3036 80
x2 Flames
70 3036 80
x2 Flames
70 3036 90
x2 Flames, seem turbulent
70 3036 90
x2 Flames, seem turbulent
70 3036 100
lots of flamelets
70 3036 100
lots of flamelets
50 2207 40
Start of Tape #2
50 2207 50
flamelets
50 2207 50
wire broke
55 2417 40
55 2417 40
55 2417 50
spread halfway through duct
55 2417 60
60 2626 40
60 2626 50
60 2626 60
60 2626 70
22
22
22
22
22
22
22
22
22
22
22
22
reaching
22
22
22
22
22
Test #
Igniter Igniter
. ..... \ ...... . . . \---%
--
Igniter
Wire
Length
(mm)
100
100
100
100
100
100
100
100
100
100
100
100
100
airfoil
100
100
100
100
100
Flame Speed Flame Speed
(cm/s) - Side (cm/s) - Top
View, Lab View, Lab
Coordinates Coordinates
55 51
31
43
22
21
48
48
54
54
60
60
25
31
31
25
25
31
twice before
36
25
31
36
42
31
34
20
22
Voltage
(V)
11
11
11
11
11
11
11.5
11.5
11
11
11
11
11
11
11
11
11
11
84
Depth
(mm)
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
40
64
42
24
35
62
41
21
no
yes
no
no
yes
yes
yes
no
yes
yes
yes
no
Ignition?
yes
yes
yes
yes
yes
no
Methane Freeflow Freeflow
Flow (sccm)
2832
2832
2832
2832
3036
3036
3036
3036
3036
3036
(psi)
40
50
60
70
40
50
60
70
80
90
(cm/s)
25
31
36
42
25
31
36
42
48
54
Igniter Y-
Position
(in)
22
22
22
22
22
22
22
22
22
22
Igniter
Wire
Length
(mm)
100
100
100
100
100
100
100
100
100
100
Igniter
Voltage
(V)
11
11
11
11
11
11
11
11
11
11
Igniter
Depth
(mm)
51
51
51
51
51
51
51
51
51
51
Flame Speed Flame Speed
Ignition?
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
(cm/s) - Side
View, Lab
Coordinates
80
57
37
27
80
64
44
33
32
25
changed cameras for close-up
Hitachi camera shutter speed set for 1/1000
130-1 55 2417 50
x2 flames
130-2 55 2417 50
recorded scale Top 0.0242537
0.3883249
changed camera positions
Hitachi camera shutter speed set for 1/500
31 22 100
31 22 100
11 51 yes
11 51 yes
131-1 55 2417 50 31 22 100
x2 Flames
131-2 55 2417 50 31 22 100
132-1 60 2626 50 31 22 100
x2 Flames
132-2 60 2626 50 31 22 100
133-1 65 2832 50 31 22 100
x2 Flames, video shows side view of triple flame at 3:19:13
11 51 yes
11
11
11
51
51
51
51
yes
yes
yes
yes
85
Methane
Test #
120
121
122
123
124
125
126
127
128
129
Flow
(mm)
65
65
65
65
70
70
70
70
70
70
(cm/s) - Top
View, Lab
Coordinates
74
56
34
24
74
63
40
34
23
24
20
21
32
23
32
36
46
-------
Flame
Speed Flame
(cm/s) - Speed
Igniter Igniter Side View, (cm/s) - Top
Voltage Depth Lab View, Lab
(V) (mm) Ignition?CoordinatesCoordinates
11 51 yes 47
Top 0.0242634
0.3097166
Smoke Test 1
Mystic Temple Incense - Reservoir of Pleasure
Through can, out of tapered airfoil trailing edge
Air Flow
Freeflow
Smoke Test 2
Air Flow
Freeflow
Smoke Test 3
Smoke Test 4
Air Flow
Freeflow
Air Flow
134
135
136
137
138
139
140
141
50 2207 40
2 flames propagated halfway
50 2207 50
wire broke
55 2417 40
55 2417 50
55 2417 60
60 2626 40
did not ignite with a sagging wire,
60 2626 50
60 2626 60
took a few tries
25 22 100 11 51 yes
31 22 100 11 51 no
25 22 100
31 22 100
36 22 100
25 22 100
ignited after tightening the wire
31 22 100
36 22 100
11
11
11
11
51
51
51
51
51
51
86
Test #
133-2
recorded scale
Methane
Flow (mm)
65
Methane
Flow (sccm)
2832
Freeflow
(psi)
50
Freeflow
(cm/s)
31
Igniter Y-
Position
(in)
22
Igniter
Wire
Length
(mm)
100
26
34
18
46
22
15
yes
yes
no
yes
yes
yes
•ll i \ I
Methane
Flow Methane Freeflow Freeflow
m( m) 
Flow 
(sccm)
60 2626 70
wire broke
60 2626 80
wire broke
50 2207 50
wire broke
55 2417 40
55 2417 40
55 2417 50
Took a few tries
60 2626 40
looked nice, did not attach to
60 2626 45
did not attach to airfoil
60 2626 50
60 2626 30
fast flame
60 2626 20
ugly flame
55 2417 30
142
143
144
145-1
145-2
146
147
148
149
150
151
152
153
Igniter Y-
Position
Test #s
Igniter
Wire
Length
(mm)
100
100
100
100
100
100
100
100
100
100
100
100
30 19 22 100
Igniter Igniter
Voltage Depth
(psi) (cm/s) (in)
42 22
48 22
31 22
25 22
25 22
31 22
25 22
airfoil
28 22
31 22
19 22
13 22
19 22
Flame Speed Flame Speed
(cm/s) - Side (cm/s) - Top
View, Lab View, Lab
Ignition? Coordinates Coordinates
no
no
11>
11
11
11
11
11
11
11
11
11
11 51 yes
(mm)
51
51
51
51
51
51
51
51
51
51
51
51
44
51
15
41
34
23
47
40
45
33
no
yes
yes
yes
yes
yes
yes
yes
yes
yes
87
71
50 2207
--------
I # %1 . . ....
27
29
16
55
42
35
Appendix D - Table of Ethane/Air Combustion Tests
Camera Setup - 7/8/05
Side View - Hitachi CCD, 6mm CCTV Lens, Aperture = 1.5**
Top View - Cohu, Cosmicar 4.2mm TV Lens, Aperture = 2
Recorded Scales
Centered Wrinkled
ETHANE Flow
(sccm)
967
967
967
967
967
967
967
967
Freeflow
(psi)
22
22
22
22
22
22
22
22
Freeflow
(cm/s)
25
25
25
25
25
25
25
25
Igniter Y-
Position
(in)
29.75
29.75
29.75
29.75
29.75
29.75
29.75
29.75
Igniter
Wire
Length
(mm)
100
100
100
100
100
100
100
100
Igniter
Voltage
(V)
11
11
11
11
11
11
11
11
Igniter
Depth
(mm)
51
51
51
51
51
51
51
51
Ignition?
yes
yes
yes
yes
yes
yes
yes
no
Flame Speed
(cm/s) - Side
View, Lab
Coordinates
271.6
269.29
221.56
178.97
193.68
161.76
165.9
Flame Speed
(cm/s) - Top
View, Lab
Coordinates
273.27
269.23
223.4
181.95
205.14
154.72
165.47
Camera Setup
Side View: Hitachi, Fujinon TV 1:1.4 Lens, Aperture = 2
Top View: Cohu, CCTV 6mm Lens F1.2, Aperture = 2
recorded scale
967
967
1135
1135
1135
1299
1299
1299
1299
1299
1299
1299
1299
22
22
22
22
22
22
22
22
22
22
22
22
22
25
25
25
25
25
25
25
25
25
25
25
25
25
29.75
29.75
29.75
29.75
29.75
29.75
29.75
29.75
29.75
29.75
29.75
29.75
29.75
100
100
100
100
100
100
100
100
100
100
100
100
100
11
11
11r
11
11
11
11
11
51
51
51
51
51
51
51
51
51
51
51
51
51
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
167.98
155.29
187.91
183.99
182.33
203.37
232.88
300.47
230.23
337.5
340.54
250.41
274.58
169.78
159.01
187.44
185.52
183.86
213.59
243.77
308.53
236.42
353.43
366.17
265.09
284.77
88
ETHANE
Flow
(mm)
30
30
30
30
30
30
30
30
Test #
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
30
30
35
35
35
40
40
40
40
40
40
40
40
--
Igniter
Wire Igniter Igniter
Depth
Test #
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
ETHANE Igniter Y-
Flow ETHANE Flow Freeflow Freeflow Position L
(mm) (sccm) (psi) (cm/s) (in) (
35 1135 22 25 29.75
louder flame. Looks like diffusion flame trailing on video
35 1135 22 25 29.75
very nice flame
35 1135 22 25 29.75
checked that the flame is propagating down center
40 1299 22 25 29.75
40 1299 22 25 29.75
flame started to favor one side, tensioned igniter wire
40 1299 22 25 29.75
still favors one side
40 1299 22 25 29.75
changed igniter wire. Still favors one side
40 1299 22 25 29.75
still favors one side
40 1299 22 25 29.75
switched igniter leads position, flame is still favoring one side
40 1299 22 25 29.75
very carefully tensioned wire. Still propagating along wall
40 1299 22 25 29.75
tensioned sagging wire. Flame propagated along wall
40 1299 22 25 29.75
propagated down wall, lengthened igniter wire
30 967 22 25 29.75
propagated down center, slightly biased towards wall. Bias is
45 1457 22 25 29.75
some propagation along wall
45 1457 22 25 29.75
propagated along wall
40 1299 22 25 29S
going to try changing igniter posts position to side walls
Flame Speed
(cm/s) - Side
--
89
ength Voltage I
mm) (V)
100 11
100 11
100 11
100 11
100 11
100 11
100 11
100 11
100 11
100 11
100 11
110 11
110 11
affected by fuel flow
110 11
110 11
110 11
(mm)
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
Ignition?
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
View, Lab
Coordinates
187.91
183.99
182.33
203.37
232.88
300.47
230.23
337.5
340.54
250.41
274.58
274.8
154.82
275.48
215.14
284.53
Flame Speed
(cm/s) - Top
View, Lab
Coordinates
187.44
185.52
183.86
213.59
243.77
308.53
236.42
353.43
366.17
265.09
284.77
281.11
158.3
287.85
223.58
286.67
ETHANE
ETHANE Flow
Test # Flow (mm) (sccm)
180
181
182
183
184
40 1299 22
propagated along wall
35 1135 22
propagated down side
35 1135 22
double flame! Still ignited one
35 1135 22
trying a shorter igniter length.
40 1299 22
better symmetry to the flame
185 40 1299
biased to one side
186 40 1299
propagated down wall
187 40 1299
propagated down center!!
188 40 1299
biased towards wall
40 1299
ime wavered, seemed tL
40 1299
Ime wavered again
40 1299
centered flame
192 38 1234
a bit of wavering
193 38 1234
good flame
194 36 1168
a bit of wavering
195 36 1168
\I\r
Igniter Igniter
SVoltage Depth
11>
11
\f */
----
Flame Speed
90
:
Igniter
Igniter Y- Wire
w Freeflow Position Length
(cm/s) (in) (mm)
25 29S 110
25 29 110
25 29 100
side first
25 29 50
Top view timer got screwed up.
25 29 50
25 29 50
25 29 50
39 29 50
31 29 50
48 29 50
ilent
44 29 50
39 29 50
39 29 50
39 29 50
39 29 50
39 29 50
I(mm)
51
51
51
51
is fine
51
51
51
51
51
51
51
51
51
51
51
51
11
11
Side view timer
10
9
8
8
8
8
8
8
8
8
8
8
Ignition?
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
(cm/s) - Side
View, Lab
Coordinates
290.78
283.65
378.66
322.8
322.97
319.64
301.89
138.63
238.13
105
117.11
139.07
130.12
131.91
126.46
128.52
Flame Speed
(cm/s) - Top
View, Lab
Coordinates
297.21
293.21
446.05
337.47
313.6
326.37
304.13
138.61
247.96
104.13
116.25
139
133.03
133.14
128.5
131.9
1211
Igniter Y-
w Freeflow Position
(cm/s) (in)
39 29
39 29
ETHANE
ETHANE Flow Freeflo
rest # Flow (mm) (sccm) (psi)
196 36 1168 40
197 42 1362 40
starting to favor one side
198 42 1362 40
199 42 1362 40
200 34 1103 40
leading edge wavers
201 34 1103 40
202 34 1103 40
203 32 1035 40
204 32 1035 40
wrinkled
205 32 1035 40
206 30 967 40
started slow then accelerated
207 30 967 40
208 30 967 40
209 40 1299 22
biased towards wall
210 40 1299 22
29
29
29
29
29
29
29
29
29
29
29
29
25 29
looks like voltage has no effect on whether the flame
40 1299 22 25 29
took scale, propagated down wall
212 40 1299 22 25 29
still favors one side
213 40 1299 30 31 29
fairly flat leading edge. Still slightly favors one side
214 40 1299 35 29
centered but the leading edge has a "dent"
215 40 1299 40 39 29
Igniter
Wire
Length
(mm)
50
50
50
50
50
50
50
50
50
50
50
50
50
100
100
will propagate
100
100
100
100
100
Igniter
Voltage
(V)
8
8
8
8
8
8
8
8
8
8
8
8
8
10
9
down the
9
Igniter
Depth
(mm)
51
51
51
51
51
51
51
51
51
51
51
51
51
51
51
wall
51
9 51 yes
9 51 yes
9 51 yes
9 51 yes
Flame Speed
(cm/s) - Side
View, Lab
Coordinates
125.63
145.34
143.29
153.81
124.45
123.66
137.86
132.31
139.68
137.69
135.58
138.6
134.65
229.24
208.6
156.83
127.92
Flame Speed
(cm/s) - Top
View, Lab
Coordinates
128.9
142.79
146.32
153.43
140.05
130.75
135.86
130.86
134.65
134.36
147.03
140.07
149.23
221.75
206.3
157.1
129.92
wavered a lot. Looks like the flame will only look "nice" under certain flow conditions regardless of the igniter
91
39
39
39
39
39
39
39
39
39
39
39
25
--
Ignition?
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
ETHANE
ETHANE Flow Freeflow
Test # Flow (mm) (sccm) (psi)
216 40 1299 33
flame is centered but it has a "de
217 32 1035
centered, dent
32 1035
centered, dent
32 1035
centered, dent
34 1103
centered, dent
34 1103
centered, dent
34 1103
side view cut from tape
36 1168
36 1168
36 1168
38 1234
218
219
220
221
222
223
224
225
226
227
227-2
228
229
230
231
1234
1234
bad side view video
40
40
1299
1299
side view cut from tape
40 1299
30 967
22
22
22
22
22
22
22
22
22
22
Igniter
Igniter Y- Wire Igniter Igr
Freeflow Position Length Voltage De
(cm/s) (in) (mm) (V) (rr
29 100 9 5
nt," looks like "nice" flames are at low fuel flows
22 25 29 100
22 25 29 100
22 25 29 100
22 25 29 100
22 25 29 100
22 25 29 100
25
25
25
25
25
25
25
25
25
25
29
29
29
29
29
29
29
29
29
29
100
100
100
100
100
100
100
100
100
100
liter
apth
Im)
1
Ignition?
yes
9 51 yes
9 51 yes
9 51 yes
9 51 yes
9 51 yes
9 51 yes
51
51
51
51
51
51
yes
yes
yes
yes
yes
yes
9 51 yes
9 51 yes
51
51
yes
yes
Flame Speed Flame Speed
(cm/s) - Side (cm/s) - Top
View, Lab View, Lab
Coordinates Coordinates
143.7 144.43
149.62
178.07
176.6
158.69
160.57
162.81
162.91
166.4
170.56
172.71
173.58
173.18
172.08
152.43
177.3
145.73
165.52
164.51
166.22
165.41
170.31
171.77
173.34
178.05
177.62
182.11
177.05
switched side and top view cameras. Testing to see why one camera is brighter than the other. Video shows the Hitachi camera is
darker. Hitachi settings: Aperture = 2, 75 ohm - on, AGC - off, AWC - on. FI - on. Labeled as test 230 on tape
232 30 967 22 25 29 100 9 51 yes
turned on AGC on Hitachi. AGC did not seem to have much of an effect on the brightness
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38
38
Flame
Igniter Flame Speed Speed
ETHANE Igniter Y- Wire Igniter Igniter (cm/s) - Side (cm/s) - Top
ETHANE Flow Freeflow Freeflow Position Length Voltage Depth View, Lab View, Lab
Test# Flow (mm) (sccm) (psi) (cm/s) (in) (mm) (V) (mm) Ignition? Coordinates Coordinates
233 30 967 22 25 29 100 9 51 yes
turned off AWC and AGC. Made flame darker
234 30 967 22 25 29 100 9 51 yes
turned on AWC, AGC. Set Hitachi aperture to 1.4. Video is still dark
235 30 967 22 25 29 100 9 51 yes
switched lenses. Aperture = 2, Hitachi - all switches on; The Sony monitor has a 16:9 option. Turns out I can move the cameras closer
to the duct. Top view is still dark
236 30 967 22 25 29 100 9 51 yes-
Hitachi camera set tp 1/120 shutter speed. A bit brighter but the flame looks blurred. Going to try different aperture.
237 30 967 22 25 29 100 9 51 yes-
Hitachi aperture = 1.2. Slightly dark video. The flame is not sharp in top view
238 30 967 22 25 29 100 9 51 yes
Set Hitachi shutter speed to 1/250s. Still dark
239 30 967 22 25 29 100 9 51 yes
Hitachi - turned off AGC. Still dark
240 30 967 22 25 29 100 9 51 yes
Cohu Top Settings: optimized for blue flames; 6mm CCTV Lens, Aperture = 5.6; video has blue tint
241 30 967 22 25 29 100 9 51 yes
Top Aperture = 4. Top view looks blurry. Video has blue tint
242 30 967 22 25 29 100 9 51 yes
Aperture = 2.8. Top view looks blurry. Video has blue tint
243 30 967 22 25 29 100 9 51 yes
Top view camera: turned on AGC, set shutter to 1/250s, turned on AWB, Aperture = 2. Top view is still dark
244 30 967 22 25 29 100 9 51 yes
Top: turned off AWB and AGC. Top view still slightly dark
245 30 967 22 25 29 100 9 51 yes
Aperture = 1.4. A bit better
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Igniter Flame Speed Flame Speed
ETHANE Igniter Y- Wire Igniter Igniter (cm/s) -Side (cm/s)-Top
ETHANE Flow Freeflow Freeflow Position Length Voltage Depth View, Lab View, Lab
Test# Flow (mm) (sccm) (psi) (cm/s) (in) (mm) (V) (mm) Ignition? Coordinates Coordinates
Moved Cameras up for close-up
Recorded scale, read side scale after 2:53:00
246 7/22/2005 Tapered 30 967 22 25 29 100 9 51 yes
247 7/22/2005 Tapered 30 967 22 25 29 100 9 51 yes
248 7/22/2005 Tapered 30 967 30 31 29 100 9 51 yes
249 7/22/2005 Tapered 30 967 30 31 29 100 9 51 yes
7/25/2005
Recorded Scale
Top Camera settings: shutter = 1/500; aperture =1.2
Side Camera settings: shutter = 1/500; aperture = 1.4
250 30 967 25 26.5 29 100 9 51 yes 114.56 111.17
centered flame, a few "dents" on flame leading edge. Seems like the "centered" conditions shifted to higher free flow
251 30 967 25 26.5 29 100 9 51 yes 132.82 123.21
nice flame. Still has a few "dents"
252 30 967 25 26.5 29 100 9 51 yes 129.39 113.37
wrinkled a bit
253 30 967 25 26.5 29 100 9 51 yes 144.55
wrinkled a lot near igniter, but nice flame anyway. This shutter speed still allows a good view of the flame
254 30 967 25 26.5 29 100 9 51 yes 147.7
wrinkled, "dented" top view
255 30 967 25 26.5 29 100 9 51 yes 129.29
wrinkled a bit. Dented leading edge
256 32 1035 25 26.5 29 100 9 51 yes 137.46
wrinkled
i257 34 1103 25 26.5 29 100 9 51 yes 156.66
wrinkled
258 28 898 25 26.5 29 100 9 51 yes 116.55 106.79
very nice flame
259 28 898 25 26.5 29 100 9 51 yes 114.44 104.68
good flame
260 28 898 25 26.5 29 100 9 51 yes 120 111.08
94
Smoke Streak Tests
Igniter Flame Speed Flame Speed
Igniter Y- Wire Igniter Igniter (cm/s) - Side (cm/s) - Top
ETHANE ETHANE Freeflow Freeflow Position Length Voltage Depth View, Lab View, Lab
Test# Flow (mm) Flow (sccm) (psi) (cm/s) (in) (mm) (V) (mm) Ignition? Coordinates Coordinates
261 28 898 25 26.5 29 100 9 51 yes
smoke wire is 37mm from inlet. Wire is nichrome, formvair - 0.0020 in. bare, 0.0026in. coated. Power supply amps set to 0.25A
262 28 898 25 26.5 29 100 9 51 yes 143
smoke stops and then propagates backwards as flame approaches
263 28 898 25 26.5 29 100 9 51 yes 86
trying fog fluid (changed from soldering paste). A few lines can be seen but the effect of the flame can be seen. Calculated that the flame
is 16cm downstream of first sign of flow disturbance upstream
264 32 1035 25 26.5 29 100 9 51 yes
seemed to have less of an effect on the smoke
265 30 967 25 26.5 29 100 9 51 yes
266 28 898 25 26.5 29 100 9 51 yes
untitled test, probably unfocused, smoke wire broke
267 28 898 23 24.9 29 100 9 51 yes
smoke line moved around flame, did not change direction as in other flames. Smoke wire broke
268 28 898 25 26.5 29 100 9 51 yes
wire broke before I could do smoke test
269 30 967 25 26.5 29 100 9 51 yes
the flame is breaking the wire
95
